Abstract Background: Magnetic resonance (MR) imaging evaluation of the painful failed shoulder arthroplasty is a useful imaging modality due to advancements in metal artifact reduction techniques, which allow assessment of the integrity of the supporting soft-tissue envelope and the implant. Questions/Purposes: The focus of this pictorial review is to illustrate the benefits of MR imaging, whether used alone or as an adjunct to other imaging modalities, in aiding the clinician in the complex decision making process. Methods: A PubMed (MEDLINE) search focusing on the complications and imaging assessment of shoulder arthroplasty was performed. Articles were selected for review based on their pertinence to the aforementioned topics. Results: We discuss the ability of MR imaging to identify why a patient's arthroplasty may have failed. Specific causes including component loosening and implant failure, rotator cuff and deltoid integrity, infection, subtle fractures, and nerve pathology are reviewed, with illustrative sample images. Conclusion: MRI is a valuable tool in the assessment for pathology in the shoulder following arthroplasty.
Introduction
Due to advancements in metal artifact reduction techniques, magnetic resonance (MR) imaging of the painful failed shoulder arthroplasty is a useful imaging technique to assess the integrity of the supporting soft-tissue sleeve and the implant, with the ability to provide information not otherwise afforded by other imaging modalities. The focus of this review is to illustrate the benefits of MR imaging to the clinician, whether used alone or as an adjunct to other imaging modalities, during the complex decision-making process while managing a painful shoulder arthroplasty. We will discuss the ability of MR imaging to identify why a patient's shoulder arthroplasty may have failed, specifically by reviewing component loosening and implant failure, the integrity of the rotator cuff and deltoid, infection, subtle fractures, and nerve pathology.
Methods
A PubMed (MEDLINE) literature search focusing on the complications and imaging assessment of shoulder arthroplasty was performed. Specific keywords included "complications of shoulder arthroplasty," "imaging of shoulder arthroplasty,"
Results
Preliminary imaging to evaluate the painful shoulder arthroplasty is performed with radiographs, and sometimes computed tomography (CT), ultrasound, and, if infection is being considered, occasional nuclear scintigraphy. At times, these modalities fail to identify the source of the patient's symptoms, and MR imaging may be performed to further evaluate for potential pathology, which can be particularly helpful when addressing a specific clinical question or if revision arthroplasty is being considered.
In total shoulder arthroplasty (TSA), the most common complications, in order of decreasing frequency, include component loosening, glenohumeral instability, periprosthetic fracture, rotator cuff tears, neural injury, infection, and deltoid muscle dysfunction [1] . These complications have been reported to occur up to 15 years postoperatively as documented by studies with longer-term follow-up [1] .
Implant loosening, instability, and periprosthetic fracture are typically evaluated radiographically or with CT [18, 6, 22] . However, MRI is able to provide superior assessment of the surrounding soft-tissue structures Position: neutral with the biceps tendon at 12:00. Patients are encouraged to breathe as much as possible using their abdominal muscles, in order to minimize excessive chest wall excursion. The reported RBW is reported as half bandwidth. To convert to BW per pixel, use the following formula: 2×(half bandwidth)/(readout matrix) FSE fast spin-echo proton, PD proton density, IR inversion recovery, MAVRIC multiacquisition variable-resonance image combination, BW bandwidth, ETL echo train length, FOV field of view, NEX number of excitations, RBW receiver bandwidth, RF radiofrequency, TE echo time, TI inversion time, TR repetition time a "No phase wrap" is referred to as phase oversampling, depending on the vendor regarding the integrity of the rotator cuff, deltoid, and neural structures, as well as the joint capsule and synovium [29] . With advances in metal suppression imaging techniques, osteolysis and loosening are also readily evaluated on MRI [29] , as are other changes of wearinduced synovitis. The integrity of the rotator cuff is typically evaluated with ultrasound, as it has been shown to be accurate in the postoperative shoulder [21, 10] , and tears have been found by sonography in >50% of symptomatic postarthroplasty shoulders [11] . Less commonly, MRI may be used to evaluate occult fractures and potential concomitant soft-tissue pathology. At times, neural pathology may be evaluated in the assessment of distributional muscle atrophy or weakness. Ultimately, MRI c a n p r o v i d e u s e f u l i n f o r m a t i o n r e g a r d i n g t h e postarthroplasty shoulder and aids in determining the need for revision. The reverse total shoulder arthroplasty (rTSA) is used in the treatment of rotator cuff arthropathy, severe proximal humeral fractures with greater tuberosity malposition or nonunion, massive rotator cuff tear, and as a salvage procedure for failed total shoulder arthroplasty [1, 7] . Complications inherent to the rTSA such as scapular notching, glenoid dissociation, glenohumeral dislocation, and acromion and scapular spine fracture are adequately evaluated on conventional radiographs and CT [15, 6] . However, MRI in rTSA may prove useful in the assessment of neural injury and deltoid dysfunction. In addition, MRI can detect polyethylene dissociation, which is poorly evaluated on CT and X-ray.
Although less commonly performed in recent years, hemiarthroplasty was classically recommended over TSA in specific cases including inadequate glenoid bone stock, glenohumeral arthrosis in patients under the age of 50, and humeral head osteonecrosis with preserved glenoid cartilage [20, 1] . As an alternative to an implant with a polyethylene liner, the glenoid may be resurfaced with meniscal or tendon allograft, or capsular interposition [13] . In addition to the benefits described for total 3 . Glenoid osteolysis. Axial PD MR image of a total shoulder arthroplasty reveals osteolysis around the glenoid peg, demonstrated by surrounding high signal intensity and delineated by a low-intensity rim (white arrows). Note the peg migration and endosteal erosion of the adjacent glenoid cortex (block arrow). The subscapularis is scarred to the anterior pseudocapsule (black arrows), and there is a moderate synovitis with internal particulate debris (asterisks). and reverse shoulder arthroplasty, MRI allows for evaluation of glenoid cartilage or biological glenoid resurfacing in patients with shoulder hemiarthroplasty (Fig. 1 ).
MRI Technique
Continuous modification of conventional pulse sequences and development of novel ones in recent years have significantly reduced metallic susceptibility artifact, such that MR imaging is commonly performed at our institution to identify complications following shoulder arthroplasty. Modifications include aligning the frequency-encoding gradient along the longitudinal axis of the prosthesis to reduce susceptibility artifact and choosing a smaller voxel size to improve spatial resolution at the artifact boundary [5, 30] . A wider receiver bandwidth increases readout gradient strength and thereby reduces the susceptibility artifact generated by the components. This will also concomitantly reduce interecho spacing, allowing for longer echo train lengths and decreased scan times [30] . Increasing the bandwidth, however, comes at the expense of decreased signal/noise ratio (SNR). To compensate for this, increasing the number of excitations (NEX) will increase the SNR but at the cost of longer scan times.
Imaging at 3.0 T should be avoided in arthroplasty, as susceptibility artifact is directly proportional to magnetic field strength. Gradient echo sequences are not used for arthroplasty imaging, as they lack the 180°refocusing pulse of a spin-echo sequence that is needed to compensate for signal loss from rapid intravoxel spin dephasing [19] . A short tau inversion recovery (STIR) sequence should be performed, as it is less sensitive to local field inhomogeneities in the presence of metallic hardware, thereby providing superior fat suppression compared with chemical shift selective fat suppression technique [2] . There is a visible osseous defect in the glenoid (a, block arrow). The subscapularis tendon is scarred and chronically torn (black arrows). Synovitis and polymeric debris distend the pseudocapsule (white asterisks). Severe atrophy of the infraspinatus and subscapularis muscles is shown (black asterisks).
Relatively new and commercially available pulse sequences including slice-encoding metal artifact correction (SEMAC) and multiacquisition variable-resonance image combination (MAVRIC) techniques can further reduce susceptibility artifact around metal [12, 17] . The SEMAC technique utilizes robust slice encoding to correct metal artifacts by extending a view-angle-tilting (VAT) spin-echo (SE) sequence with additional z-phase encoding [17] . The MAVRIC sequence acquires multiple three-dimensional fast spin-echo (FSE) image datasets at different frequency bands, offset from the resonant proton frequency. It then combines these datasets to produce an image with markedly reduced susceptibility artifact [12, 8] . Reports in recent literature demonstrate MAVRIC as particularly useful for detecting periprosthetic osteolysis, synovitis, and supraspinatus tears by improving the conspicuity of the implant-bone and soft-tissue interfaces [9, 29] .
A sample MRI protocol used at our institution (Table 1 ) includes oblique coronal and axial FSE proton density (PD) pulse sequences, as well as oblique coronal MAVRIC inversion recovery (IR) and PD sequences. To increase the sensitivity of identifying a subscapularis tendon tear and glenoid osteolysis, we perform a thin axial FSE PD sequence with limited craniocaudal coverage through these structures. An axial MAVRIC PD sequence may be obtained if there is specific clinical concern for osteolysis around the glenoid component and to potentially improve detection of a dehiscent subscapularis footprint. A sagittal FSE PD sequence extending medial to the glenoid fossa may occasionally be performed during troubleshooting or for a global assessment of the rotator cuff muscle quality.
MRI Assessment

Component Loosening and Implant Failure
Prosthetic loosening in shoulder arthroplasty more frequently affects the glenoid component [27] , with various reported causes including aseptic osteolysis, infection, and soft-tissue instability [4] . The described patterns of glenoid component wear include superior and posterior implant tilt, as well as subsidence into the glenoid cavity [33] . Loosening of the glenoid component is usually apparent on radiographs, and CT can further aid determination of the wear pattern. Osteolysis and component loosening of both glenoid and humeral components may also be appreciated on MRI. A normal prosthesis should appear well incorporated with the adjacent bone on MRI (Fig. 2) . In contrast, osteolysis appears as defined high signal surrounding the prosthesis, often delineated by a thin, low intensity rim (Figs. 3, 4 and 5) . If this osteolysis is circumferential, loosening should be suspected.
In our experience, MR can reveal associated findings in cases of component loosening, including displacement or dislocation of the polyethylene liner (Figs. 6 and 7) , component fracture (Fig. 8) , wear-induced synovitis, and rotator cuff tears. Wear-induced synovitis occurs secondary to accumulation of particle debris from polyethylene breakdown, leading to a cytokine-mediated up-regulation of osteoclasts and downregulation of osteoblasts, which may result in aseptic loosening. This synovitis is often intermediate signal intensity on PD images. A chronic wear-induced synovitis may result in indolent osseous erosion or osteolysis, demonstrated by focal loss of cortical bone adjacent to a distended joint capsule (Fig. 9) . Adenopathy may also be seen in relation to wearinduced synovitis (Fig. 10) and is not specific to infection.
Rotator Cuff Tear and Instability
MR imaging is a useful modality to evaluate the rotator cuff in patients who have undergone shoulder arthroplasty. Sperling et al. [29] suggested that MRI is an accurate and useful tool to determine the integrity of the rotator cuff in 21 shoulder arthroplasties. Further advances in MR techniques with the addition of MAVRIC led to a study by Hayter et al. [9] , in which improved visualization of the supraspinatus tendon as a result of decreased image distortion allowed better detection of cuff tears.
Studies have indicated that glenohumeral instability is the second leading cause of complications associated with total shoulder arthroplasty, with anterior and superior instability accounting for 80% of instability cases [1] . Both osseous and soft-tissue factors play a role in postarthroplasty instability. Osseous factors such as glenoid deficiency, diminished humeral length, and component malrotation may be adequately assessed on radiographs and CT. However, soft-tissue factors are better depicted on MR imaging, with the focus of this section on imaging of the rotator cuff.
Radiographs are the initial imaging modality in evaluating instability and can infer a rotator cuff tear by the degree of subluxation of the humeral component in the coronal and axillary planes, although the deficient soft-tissue structure is not directly assessed. Ultrasound has been shown to be accurate in the detection of rotator cuff tears in the postoperative shoulder [31, 26] ; however, ultrasound is unable to provide a global assessment of the shoulder. MR imaging is not intended to replace, but rather, complement other imaging modalities in the assessment of rotator cuff tears by demonstrating the degree of tendon retraction and, importantly, revealing the quality of the muscle, meanwhile providing a global evaluation of the integrity of the implant that Fig. 11 . Subscapularis tendon dehiscence. Axial PD MR image in a patient with shoulder instability following arthroplasty reveals subscapularis tendon dehiscence (arrows) with medial retraction to the glenoid rim. Fig. 12 . MRI appearance of the supraspinatus and deltoid in total shoulder arthroplasty. Oblique coronal PD MR image (a) demonstrates incomplete visualization of the supraspinatus tendon at the footprint (white arrow) related to susceptibility artifact. Oblique coronal MAVRIC PD image (b) allows for complete visualization of the intact supraspinatus tendon and myotendinous junction (white arrows). An intact deltoid attachment is also well visualized (b, block arrow). There is circumferential glenoid osteolysis (black arrows) and a wear-induced synovitis in the axillary recess (asterisks).
may not otherwise be afforded by standard radiographs or ultrasound alone.
Failure of the subscapularis repair and anterior aspect of the capsule is a common late and perhaps under-recognized cause of anterior instability following shoulder arthroplasty [1, 27] , which is best detected on a thin section axillary PD sequence. In cases with large size cobalt chromium heads, the footprint of the subscapularis and the lesser tuberosity may be obscured by susceptibility artifact but the remainder of the tendon, its muscle tendon junction, and its muscle belly are nearly always adequately visualized. The dehiscent subscapularis tendon may be seen retracted medially (Fig. 11) or as a longitudinally stripped thin tendon remnant often scarred to the anterior capsule. A subscapularis tendon tear is important to recognize early, as the subscapularis can be directly repaired. Fatty infiltration of the muscle belly is readily detected on MR imaging and may be of particular relevance in decision making regarding potential repair, reconstruction or conversion to rTSA.
The integrity of the anterior deltoid is important to assess in anterior instability, and MR imaging is capable of evaluating the deltoid origin for dehiscence and denervation. It is particularly important to evaluate the anterior deltoid if the patient is undergoing revision to reverse TSA, as it functions as a primary lever arm.
Evaluation of the supraspinatus tendon, at times, can prove to be challenging if using standard FSE techniques alone due to its close proximity to the humeral head component, which generates the susceptibility artifact superiorly, thereby obscuring the muscle tendon junction (Figs. 12a and 13a) . Visualization of the distal tendon footprint, however, is often preserved. MAVRIC Fig. 13 . MRI appearance of rotator cuff tear in total shoulder arthroplasty. Oblique coronal PD MR image (a) demonstrates incomplete visualization of the supraspinatus tendon related to susceptibility artifact, with severe tendinosis at the footprint (black arrow). Oblique coronal MAVRIC PD sequence (b) allows for detection of a high grade articular sided tear of the supraspinatus tendon (white arrow) and a non-retracted tendon (block arrow). Severe insertional tendinosis is also visible (black arrow). enables increased visibility of the cuff, particularly at the supraspinatus myotendinous junction (Fig. 12b) and may reveal tendon tears (Fig. 13b) . The infraspinatus and teres minor tendons are typically less affected by metallic susceptibility created by the humeral head component.
Trauma and Periprosthetic Fracture
Periprosthetic fracture is a relatively rare complication, with intraoperative fractures more common than postoperative fractures [1, 25] . Fracture at the time of surgery is usually apparent intraoperatively, and there is an increased risk with removal of the humeral component during revision surgery [3] . Postoperative fractures of the acromion and scapular spine are among common complications of the rTSA [7, 32] . Fractures of the acromion may occur after trauma or vigorous activity, or as a stress fracture due to chronic, repetitive injury. Radiographs function as the mainstay in the imaging evaluation of periprosthetic fracture. However, when findings are equivocal on radiographs, MR can elucidate subtle, nondisplaced fracture lines appearing as linear intraosseous low signal intensity, as well as reactive bone marrow edema pattern seen in fracture or contusion (Fig. 14) . In addition, MRI in acute trauma may also detect unsuspected component dislocation or fracture, as well as soft-tissue injuries (Fig. 15) .
Neural Pathology
The occurrence of neural injury following shoulder arthroplasty is rare but may be slightly increased in reverse TSA [14] . Relative arm lengthening in reverse TSA is thought to be a possible etiology for these injuries. Other reported causes include intraoperative factors such as retractor placement and interscalene nerve block, postoperative hematoma, cement extrusion, screw migration, and humeral shaft fracture [14] . Axillary neuropathy is most frequently reported in reverse TSA and is usually transient [14] . Other nerves that may be injured intraoperatively and following shoulder arthroplasty include the suprascapular nerve and the brachial plexus. Electromyography may determine which nerve is the source of neuropathy, but MRI detects morphological changes in the neural structures around the shoulder, as well as effects of muscular denervation. Screw migration into the spinoglenoid or suprascapular notches with resultant mass effect on neural structures is well visualized on MRI (Fig. 16) . Extruded cement is also apparent on MRI as amorphous low-intensity material (Fig. 16 ), possibly resulting in mass effect or irritation of surrounding structures. Cysts and distended bursae may also produce mass effect on adjacent neurovascular bundles, clearly visible on MRI (Figs. 17 and 18 ).
Infection
Infection is rare in shoulder arthroplasty, with an overall prevalence of 0-4%, but is diagnostically challenging for the clinician and potentially devastating for the patient [1, 24, 27] . Most patients do not present with clear signs of infection in shoulder arthroplasty. Initial evaluation with laboratory parameters including erythrocyte sedimentation rate, C-reactive protein levels, and white blood cell count are of limited predictive value, as they are often normal [28] . Less virulent organisms s e e n i n t h e s h o u l d e r a r t h r op l a s t y, p a r t i c u l a r l y Propionibacterium acnes, make the diagnosis of infection challenging and unique compared with that seen in hip and knee arthroplasty [24] . Additional organisms following shoulder arthroplasty include coagulase-negative Staphylococcus and the more serious Staphylococcus aureus.
New osseous resorption, periosteal reaction, or frank loosening is considered associated with infection, until proven otherwise. Radiographs, and to a greater degree CT, can demonstrate periosteal reaction and osteolysis or loosening about one or both components suggestive of infection, but neither are sensitive or specific. Currently, combined leukocyte-marrow imaging is considered the most accurate of radionuclide imaging studies [16] and the gold standard for some periprosthetic infections; however, these techniques have mixed results for shoulder infections [24] . Ultimately, the diagnosis of infection relies on laboratory evaluation of synovial fluid and tissue cultures or frozen-section analysis.
Studies have shown that MR imaging is capable of detecting infection in knee arthroplasty with 86-92% sensitivity and 85-87% specificity, as reported by Plodkowski et al. [23] in 28 knees, characterized by a lamellated, thickened capsule with extracapsular soft-tissue edema. Although, there is no current literature demonstrating the detection of infection following shoulder arthroplasty by MR imaging, MRI is capable of revealing adenopathy, sinus tracts, fluid collections, and diffuse periarticular edema involving the soft tissues (Fig. 19) . The joint line is often partially obscured by artifact; however, synovitis remains detectable and, although not described in the literature, the reactive synovitis in shoulder arthroplasty is more often nonspecific in appearance, probably due to the indolent nature of the organisms.
Conclusion
MR imaging of the postarthroplasty shoulder, as a result of advancements in metal artifact suppression techniques, is a useful imaging modality in the detection of the most common postoperative complications, including component loosening and osteolysis, instability, rotator cuff insufficiency, trauma, infection, and neuropathy. Ultimately, MR imaging can provide clinically pertinent information to help guide the orthopedic surgeon to determine the appropriate treatment strategy including the potential need for revision.
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